This paper discusses the use of high power lasers in the manufacture of microelectromechanical systems (MEMS). The ability to process a wide range of materials, and to produce truly three-dimensional structures with tolerances at the micron or sub-micron level, give laser micromachining some key advantages over other more established micromachining techniques. Previous work in this area is reviewed, covering the following topics: use of ablation in the direct fabrication of MEMS devices and to define polymer masters for subsequent replication by electroforming and moulding (the so-called Laser-LIGA process); laser-assisted deposition and etching on planar and non-planar surfaces; laser-assisted manipulation of microparts and laser-assisted assembly.
INTRODUCTION
The field of micro-electro-mechanical systems or MEMS is concerned with the development of integrated systems of sensors, actuators and associated electronics manufacturable by the kinds of batch processes found in the semiconductor industry. A key feature of semiconductor manufacturing over the past 30 years has been its ability to produce ever smaller features, the current state-of-the-art in production being around 0.25 µm. However, the success of microelectronics is not attributable solely to miniaturisation; the integration of components on a single platform or substrate improves reliability and performance, while batch manufacturing methods lower cost of production and improve reproducibility. MEMS research aims to extend these advantages to devices and systems that, while generally incorporating electronics, also perform nonelectronic functions. A typical example would be a micromachined silicon pressure sensor packaged with its associated signal conditioning circuitry.
MEMS is an emerging field in which technology push still dominates over market pull in many areas. Nevertheless, a number of products have been commercialised in recent years, notably ink-jet printer heads, silicon pressure sensors, crashbag accelerometers and micromachined gyroscopes. This list is expected to grow substantially over the coming decade. Table  1 shows a cross-section of devices and systems currently under development, and their potential market areas [1, 2] .
MEMS research to date has been dominated by silicon, and this situation is likely to continue for the foreseeable future. Silicon is an attractive material because of its low cost and high quality, its useful electro-mechanical properties, and the possibility of monolithic integration with electronics. However, silicon micromachining processes, while clearly able to produce an enormous range of useful MEMS devices, do have their limitations. Firstly, they are based on a very limited range of materials (notably silicon, silicon dioxide, silicon nitride, and a few metals), whereas MEMS in general call for a much broader materials base including, for example, polymers and functional materials (e.g. magnetic materials, ferroelectrics and shape memory alloys). This was one of the main drivers behind development of the LIGA process. Silicon processes are also poorly suited to the realisation of 3D (three-dimensional) structures. Such structures are proving essential for an increasing range of MEMS devices, in particular actuators. Until recently, silicon structures with appreciable depth could be produced only by bulk micromachining, where the range of achievable geometries is severely limited by the crystal structure of the substrate. This situation has changed somewhat with the emergence of DRIE (deep reactive ion etch) technology, which can produce vertical-walled silicon structures with heights of up to several hundred microns; however, arbitrary 3D structures are still not possible. Invited Paper laser micromachining for direct fabrication of devices; laser micromachining of polymer masters for subsequent replication (Laser-LIGA); laser-assisted deposition and etching; laser-assisted manipulation and assembly of microparts. The following sections contain an overview of these processes, together with a brief discussion of some other processes of potential importance to MEMS. Info rm ation tech no lo g y Teleco m m u n icatio n s B iote chn o log y P h arm aceu tical ind u stry M ed icin e P ro cess tech n olog y an d auto m atio n M easu rem ent an d m icro sco p y E n viro n m en tal tech n olo g y Table 1 . (a) A cross-section of MEMS devices and systems under development and (b) some potential markets. The rows in the two tables are not correlated.
LASER-BASED FABRICATION METHODS

Laser micromachining
Laser micromachining -the direct etching of solids by pulsed laser radiation -relies on the process of ablation [3] . Lasersolid interactions during ablation are complex, and depend both on the material and on the laser parameters (primarily the wavelength, pulse duration and intensity). However, in all cases absorption of laser energy at the surface of the solid results in ejection of material from a thin surface layer. Any solid can be laser machined under the correct conditions, and processes have been established for an extremely wide range of materials. The remainder of this section focuses mainly on ArF (193 nm) and KrF (248 nm) excimer lasers, which have been used for most of the MEMS-related laser machining work to date. Because of their short wavelength, these lasers offer high imaging resolution, notwithstanding their relatively broad linewidth. Furthermore, strong absorption at UV wavelengths leads to low material removal rate in most materials, typically between 0.1 and 1 µm per pulse; this allows precise control of etch depth simply by counting pulses. These attributes make excimer lasers generally better suited than longer-wavelength lasers for MEMS applications, where minimum features below 10 µm and tolerances below 1 µm are commonplace. Recently there has been growing interest in femtosecond laser micromachining [4] , but this is still relatively undeveloped. Femtosecond lasers open up new possibilities because of the extremely high power densities that can be achieved. For example, strong interaction with normally transparent materials is possible as a result of multi-photon absorption.
Excimer laser micromachining is normally done in projection mode, where a mask is imaged onto the workpiece by a reduction lens [5] . A typical field size at the workpiece might be 5 x 5 mm 2 , depending on the material and laser energy. Structures within this area are processed in parallel, allowing die-by-die exposure as in a lithographic stepper; larger areas can also be processed with non-repeating patterns by synchronised motion of the mask and workpiece. An alternative approach is to use a contact mask, though this is normally only preferable in situations where the mask remains an integral part of final structure (e.g. when drilling printed circuit vias through a copper mask). The ability of an excimer laser to process a relatively large area in parallel is a consequence of the high pulse energy. In contrast, frequency-tripled orquadrupled Nd:YAG lasers typically have lower pulse energy with much higher beam quality, and so tend to be operated in serial 'scanning spot' mode. The higher rep rate of these lasers compared to excimers compensates for the smaller illuminated area. In general serial machining is good for prototyping because there is no requirement for a mask; data from a CAD file can (with some post-processing) be used to generate a tool path for the laser. On the other hand, mask projection is generally preferred for larger scale production.
Tools for laser processing are now highly developed. Figure 1 , for example, shows the key elements of a typical excimer laser workstation (e.g Exitech 7000 Series). Before reaching the mask, the laser beam passes through a series of elements including a shutter, a variable attenuator, a beam shaper and an homogeniser. The beam shaper simply transforms the beam cross-section, making it roughly square. The homogeniser then splits the beam into a large number of sources, each of which illuminates the mask from a different direction ( Figure 1b ). This improves the uniformity of illumination at the mask plane (essential because of the poor quality of the raw laser beam), and also introduces off-axis components into the illumination. Off-axis illumination allows features with vertical and even undercut sidewalls to be produced; such structures cannot be achieved with plane wave illumination. Some provision for alignment is normally included, either based on through-lens viewing (as shown in Figure 1a ), or using a separate off-line microscope. A key feature of laser micromachining as a MEMS fabrication tool is its ability to produce complex 3D surface profiles.
Stepped multi-level structures can be produced by performing multiple exposures with different mask patterns, while scanning of the mask and/or workpiece during exposure can be used to generate continuous (or at least finely stepped) relief [6] . Continuous relief can also be generated by straightforward projection ablation using half-tone masks [7] . Typically both the mask and workpiece are mounted on precision motorised stages, so scanning operations can be performed automatically under computer numerical control. Other parameters can also be varied during the process, in particular the fluence and rep rate of the laser. Future machines may also allow in-process variation of the illumination NA. This parameter is the maximum off-axis illumination angle ('α' in Figure 1b , referred to the mask plane) which can be used to vary the sidewall angles of structures machined at constant fluence.
Excimer lasers can machine a very wide range of materials [8] . However, they are particularly well suited to polymers. For most polymers, strong absorption at excimer wavelengths ensures efficient laser-target coupling, while relatively low thermal conductivity ensures minimal thermal diffusion during the ablation process and a very small heat-affected zone (HAZ). In many cases, excellent surface finish and minimal collateral damage (melting and/or debris) can be achieved. Most other materials machine rather less well. Metals, for example, typically exhibit very high ablation thresholds -a consequence of high reflectivity and good thermal conductivity -and cannot usually be etched without significant collateral damage. This does not apply to thin metal films on substrates with lower thermal conductivity, which can often be machined very effectively.
Laser micromachining for direct fabrication of MEMS
Excimer laser micromachining has been used extensively in the manufacture of ink-jet print heads [9] , which are among the most successful MEMS-related products to date. In this application laser micromachining has allowed reduced nozzle spacing (and hence higher print resolution), better control over nozzle shape, and improved yield compared with mechanical drilling or electroforming.
The excellent polymer machining characteristics and 3D capabilities of laser processing are also highly relevant to other fluidic devices. Key elements of microfluidic systems, such as channels, filters, mixers and reactors, all require 3D (or at least 2.5D) structuring. Furthermore, polymers are better suited than silicon-based materials in many instances. For example, transport is often based on electrophoresis (rather than hydrostatic pressure), requiring a dielectric channel. Laser processing can also be used for patterning the necessary thin film electrodes, allowing a unified fabrication approach. A particularly good example of the potential of laser machining for bio-MEMS was reported by Pethig et al [10] . Here multilevel metal/polymer structures were built up on glass substrates, with a KrF excimer laser being used to pattern each layer. Using this approach a range of elements for BFC (biofactory-on-chip) was demonstrated, aimed at dielectrophoretic transport, trapping, and mixing of microorganisms.
Other examples of laser ablation for direct fabrication of MEMS have been reported recently, including machining of shape bimorph actuators in silicon [11] , and patterning of multilayer magnetic materials for actuators [12] .
Laser micromachining of polymer masters for replication
An alternative to direct manufacture by laser micromachining is to adopt a LIGA-based approach, where the laser is used to define a polymer master for subsequent replication in metal, plastic or ceramic. The LIGA idea originated in Germany in the late 1980s [13] , and the name is a German acronym derived from the words Lithographie, Galvanofomung (electroplating) and Abformung (moulding). In the original process (Figure 2a) , the polymer master is formed on a conducting substrate by deep x-ray lithography using synchrotron radiation. The short wavelength of the synchrotron light (a few Å) allows deep structures with high precision and extreme aspect ratios. The polymer master is replicated by an electroplating step in which the cavities are filled from the bottom with metal, usually nickel. By continuing the electroplating until a thick backing plate has grown over the entire surface, a tool for injection moulding or embossing can be made. Mass replication is key to economic viability of this process because x-ray lithography is so expensive; it also allows for a wide range of materials.
The high cost of x-ray LIGA has led to investigation of cheaper, lower resolution methods for producing masters. These include optical lithography (so-called UV-LIGA), plasma etching and laser micromachining (Laser-LIGA). The first full Laser-LIGA process was reported by Arnold et al in 1995 [14] . This was based around single-level moulds formed in PMMA and optical photoresist by 193 nm excimer ablation; the mould was formed by translating the sample under a fixed laser spot produced by projecting an aperture, and replication was by injection moulding. An alternative process based on projection ablation of PMMA at 248 nm wavelength was later reported by Lawes et al [15] . Laser-LIGA can produce high quality artefacts in materials that are not well suited to direct laser micromachining. It also allows the production of masters with complex 3D profiles. Replication of 3D masters is typically achieved by deposition of a metal seed layer, followed by electroplating ( Figure 2b ). As with other LIGA variants, mass replication is not a prerequisite for economic viability; for some applications it may be possible to use primary plastic or metal structures in a final product.
Use of Laser-LIGA has not been widespread up to now. Electroplating into ablated moulds has been used to fabricate micromotor windings [16] and microturbine blades [17] , while direct (plastic-to-plastic) replication from laser machined masters has been used for 3D optical components [18] . Recently, interest has been growing in the use of full laser-LIGA to manufacture polymer microfluidic devices [19] ; this is likely to be an important future application area.
Laser-assisted etching
Laser-assisted chemical etching (LCE or LACE) is based on local enhancement of a chemical etching reaction by laser light. This enhancement can be due to thermal activation of the reaction by substrate heating and/or generation of active species in the etchant by photo-or pyrolytic dissociation [20] . For example, laser-assisted etching of silicon by chlorine is well known [21] . Originally developed in the 1980s, this technique has been used in the fabrication of various MEMS devices (see, for example, [22] ). As a technique simply for producing deep structures in silicon LCE has been overtaken in recent years by deep reactive ion etching; however, it remains relevant for applications such as 3D prototyping, and machining of previously structured substrates [23] . Other gas and liquid phase LCE processes have also been exploited for MEMS fabrication. For example, laser-assisted liquid-phase KOH (potassium hydroxide) etching has been used to produce hydrodynamic bearing structures (shafts with spiral grooves) for use in rotating micromachines [24] .
Laser-assisted deposition
The best known laser-assisted deposition processes are ablative sputtering and LCVD (laser chemical vapour deposition) [8] .
In ablative sputtering (also called pulsed laser deposition or PLD), material is ablated from a solid target in partial vacuum, and re-deposited on the workpiece. Like conventional (RF/magnetron) sputtering, and unlike most laser processes, PLD is non-selective meaning that the workpiece is coated all over. The technique is particularly useful for depositing high melting point and multi-element materials that are difficult to deposit by other routes. In the context of MEMS, it has been used mainly to deposit PZT (lead-zirconate-titanate) films for piezoelectric actuators [25, 26] , and thin film shape memory alloys [27] . However, a wide range of other materials can be deposited, some of which are potentially useful for MEMS applications; a good example in this category is diamond-like carbon, which can reduce sliding friction in micro-bearings.
In LCVD, laser radiation facilitates a gas phase reaction that results in material deposition. For example, metals can be deposited by laser-induced dissociation of metal-organic precursors, while more complex reactions can be used to deposit compounds such as oxides and nitrides [8] . LCVD has been used mainly to deposit thin films, although it has also produced some impressive free-standing 3D structures [28] . Like laser-assisted etching, LCVD is localised to the illuminated region, allowing features such as conducting tracks to be defined on planar substrates by direct write lithography. However, its real usefulness for MEMS lies in its ability to deposit material selectively on non-planar surfaces. This has been used in the fabrication of smart catheters incorporating tactile sensors [29] . In this work narrow slots were laser machined in the wall of a polyurethane catheter tube. After applying a protective nickel layer by electroless plating, an LCVD process (employing the same KrF excimer laser) was used to deposit a Cr mask defining contact pads inside the slots, and connecting tracks along the sides of the tube. Finally, the exposed nickel was removed by wet etching. The LCVD precursor in this case was Cr(CO) 6 .
Various other laser-assisted deposition processes have been reported, including processes based on: deposition from spincoated precursors [30] , transfer of material from a carrier ribbon to an adjacent substrate [31] , and deposition from aerosols [32] . All of these processes are potentially useful for direct write in MEMS applications, although they are not as flexible as LCVD in terms of 3D processing.
Stereolithography
Stereolithography for MEMS was first reported by Ikuta and Hirowata in 1993 [33] . This technique, which is based on UVinduced solidification of a liquid photopolymer, allows complex 3D structures to be built up on a layer-by-layer basis. The original process was based on the 'constrained surface' method, where the photopolymer is exposed through a transparent plate as shown in Figure 3a . At each stage of the process, the focused beam from a UV light source (e.g. a HeCd laser) is used to selectively harden the polymer immediately beneath the plate; the plate is then raised, introducing a new layer of unexposed polymer. This process is repeated until the desired structure is obtained. Other exposure strategies are also possible, such as the 'free surface' approach shown in Figure 3b . Microstereolithography offers exceptional 3D capability, and can achieve resolutions down to a few microns, making it particularly relevant to actuators and fluidic devices [34, 35] . It can also produce integrated structures with both fixed and freely moving parts [36] . As a direct fabrication process it is rather slow, although higher throughput can be achieved by using multiple beams, or by pattern projection. Another interesting approach is to combine stereolithography with other, faster polymer structuring methods such as UV lithography [37] .
Surface modification processes
Laser exposure at low fluence can be used to modify the surface properties of materials. For example, flood exposure by excimer laser can be used to roughen polymer surfaces in well-defined ways, or to modify their wetting properties [8] . These kinds of treatments are very likely to find applications in chemical and biological MEMS. For example, roughening leads to a massive increase in surface area, which can assist catalysis or filtering operations. Another potentially important technique for micromechanical devices is the use of laser annealing to control stress in deposited layers.
LASER-ASSISTED MANIPULATION AND ASSEMBLY
Assembly is widely recognised as a key issue in MEMS research, and one that is likely to have a marked effect on the pace of future developments. Many devices and systems that are currently of interest cannot be realised simply by applying a sequence of deposition and etching operations to a single wafer. In some cases, it may be possible to fabricate the parts monolithically and then reconfigure them on their original substrate to achieve the desired result (so-called 'monolithic assembly'). For example, very elegant micro-optical components and sub-systems have been demonstrated by folding up etched silicon parts. More generally, however, it is necessary to combine parts fabricated on different substrates ('hybrid assembly'). Processes are required that can perform these operations at wafer scale with the highest possible degree of automation.
Monolithic assembly
A number of monolithic assembly processes have been demonstrated to date. Most notably, methods have been developed for rotating structures out of plane in which rotation is driven either by electrostatic actuators [38] or by surface tension forces generated in meltable pads [39] . Such processes allow substantial reconfiguration of parts, extending significantly the range of structures that can be realised by planar processing.
Other processes allowing minor reconfiguration of parts have also been reported. These include thermal assembly processes in which resistive heating is used to separate, weld or deform micromachined parts [40] . One laser process that could make a significant impact in this area is laser microbending. This process relies on the fact that asymmetric heating of a metal structure by laser exposure generates thermal stresses which, if large enough, produce plastic deformation [41] . Laser microbending has been applied industrially for trimming reed relays [42] , but it could also be used to reshape electroformed microstructures for MEMS applications. Of course, laser exposure could also be used to drive thermal assembly processes.
Hybrid assembly
For hybrid assembly, methods are required for transferring parts from one substrate to another. In general, this involves (1) releasing the parts from source wafer, (2) transporting them to specific sites on target wafer, and (3) fixing them in place. The aim is to find processes that can perform these operations on many parts simultaneously.
Laser manipulation of microparts using optical traps has been investigated as a transport mechanism for hybrid assembly [43] . This elegant technique, which relies on radiation pressure, can in principle be applied to both dielectric and metal parts. However, implementation of working assembly processes has proved difficult, not least because the radiation pressure tends to be swamped by other effects such as photophoresis and surface interactions. Also, it is not clear how well it scales to large numbers of components.
The impulse generated by ablation can also be used to move parts around, and at Imperial College we have been developing a batch hybrid assembly process based on this principle [44] . In this process, which is shown in Figure 4 , components fabricated on a transparent carrier are released and transferred to an adjacent target wafer by excimer laser ablation of a polymer sacrificial layer, using light incident though the carrier. The process shown is a parallel one, requiring the parts on the source and target wafers to be on same grid; however, sequential transfer of single components or groups of components can also be achieved by masked exposure, relaxing this requirement. Using the parallel process, arrays of electrostatic micromotors have been assembled from parts fabricated on separate substrates by UV-LIGA (see inset photo in Figure 4) . A variant of the process has also been demonstrated in which parts are thermosonically bonded to the target prior to laserassisted release from the carrier [45] . 
Laser joining
Laser joining processes, in particular welding and soldering, are well established industrially, with applications both in heavy and light engineering. At the light end, the availability of high power infrared laser diodes is making laser soldering increasingly attractive for electronics manufacturing [46] . In particular, the ability to deposit heat locally, cleanly and with high precision is particularly useful for rework, and for soldering small components. The low thermal budget and short process time are also useful when joining thermally sensitive parts. With these attributes, laser soldering is likely to be an important technique for assembly and packaging of MEMS in the future.
Laser welding has been used in a wide range of precision joining applications [46] . Laser microwelding processes are typically based on longer-pulse (ms) Nd:YAG lasers, although other IR lasers can also be used. One promising application in the MEMS area is plastic welding. In this process, a weld is produced at the interface between two polymers, one transparent to the radiation, the other absorbing. Light is incident on the interface from the transparent side. This process was used in the membrane micropump developed at IMM [47] .
DISCUSSION
This paper has briefly reviewed a wide range of laser processes with potential applications in MEMS manufacture. Laser processes offer unique capabilities in terms of materials flexibility and 3D processing and, combined with mainstream fabrication methods, they have the potential to make a significant contribution to the development of future MEMS. Key application areas are likely to include actuators based on functional materials, and microfluidic components and systems. Furthermore, with their ability to manipulate and join parts, lasers stand to make a significant contribution in the area of MEMS assembly and packaging.
